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Abstract 
The study is devoted to a problem of electron-induced contaminant to X-ray and gamma-
ray astrophysical measurements on board low-orbiting satellites. We analyzed enhancements 
of electron fluxes in energy range 100 - 300 keV observed at equatorial and low latitudes by a 
fleet of NOAA/POES low-orbiting satellites over the time period from 2003 to 2005. It was 
found that 100-300 keV electron fluxes in the forbidden zone below the inner radiation belt 
enhanced by several orders of magnitude during geomagnetic storms and/or under strong 
compressions of the magnetosphere. The enhancements are related to high substorm activity 
and occurred at any local time. Intense fluxes of the energetic electrons in the forbidden zone 
can be considered as an essential contaminant to X-ray and gamma-ray measurements at low-
latitude and low-altitude orbits. 
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1. Introduction 
Astrophysical sources of X-ray and γ-ray emission exist throughout the Universe 
including galaxies, the solar system and, particularly, the solar corona. To distinguish the 
emission of a cosmic object from background noise, which is higher in most of cases, is a task 
of high priority in the observational X-ray and γ-ray astronomy. Identification of all individual 
sources contributed to the background noise allows improving the techniques for background 
reduction. Thorough studies show that, particularly, in the X-ray and low-energy γ-ray ranges 
(from ~100 eV to ~300 keV), the background noise is extremely complex in its origin [1-3]. 
Nevertheless, two major components in the total background should be distinguished in the 
first turn: one of astrophysical origin, such as cosmic background, and another of local 
intrinsic instrumental origin, and besides the last affects on measurement accuracy of the first. 
As it was recently pointed out, the most important effect limiting the accuracy of cosmic X-
ray background measurements is related to the intrinsic background variation in detectors [4-
6]. 
 Astronomical observations are performed on board high- and low-orbiting spacecrafts or 
on space platforms, in the Earth upper atmosphere, magnetosphere and interplanetary space. 
Note that orbit choice is one of the important factors affecting the sensitivity of the 
instruments operated under conditions of low signal-to-noise ratio. In either case the 
instruments encounter an intense radiation environment, so the background noise is estimated 
in a specified radiation environment. The internal instrumental noise is caused by the 
interactions of energetic charged particles with the spacecraft and detectors. Either by direct 
penetration or by secondary radiations produced in the payload materials, photon detectors 
may at times give spurious responses, particularly if the “background” radiations are 
nonsteady [7]. 
Vast majority of astronomy satellites are low-orbiting, i.e. they pass through zones of 
enhanced particle radiations, the Earth’s auroral zone and radiation belt (RB) at high latitudes 
and also South Atlantic Anomaly (SAA) at low latitudes. Knowledge of contaminating 
background radiation of magnetospheric origin is accumulated since 60s and the influence of 
RB has been well investigated [1, 8-10]. Particularly, it was shown that detectors of X- and γ-
ray are subject to in-orbit enhanced background noise caused by the magnetospheric high-
energy electrons (e.g., [11-16]).  
To minimize the charge particle contamination from RB, most astronomy experiments are 
conducted at low inclination orbits, for example RHESII mission [17]. It is considered that the 
equatorial region away from the SAA is characterised by low background, so measurements 
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made during passages of the spacecraft through the equator-to-low latitudinal region are 
particularly valuable to high-energy astrophysics. However, even during the early 1970s, the 
X-ray astronomers revealed unexpected electron-induced contaminant at relatively low 
latitudes as well, which was a few times higher than the cosmic X-ray background [7, 18]. 
They found several events when flux intensity of electrons with energy of tens of keV was as 
large as ~10
3
 el/(cm
2
 s sr)
-1
, exceeding quiet level by 2 orders of magnitude. Note that it is still 
much lower than in the radiation belt and auroral zones (see [14]). In addition to astrophysical 
measurements, ionospheric and atmospheric studies [19-26] and satellite data failures studies 
(e.g., [27-29]) also found several effects suggesting that electron impact is important factor at 
low and middle latitudes. That is, more importantly the occasional increases of electron flux 
below the radiation belt were discovered even earlier in direct satellite-borne measurements 
[30, 31] and then corroborated in several studies [32-35]. They reported about sporadic fluxes 
of very high intensity, which was comparable with the auroral precipitation. However, the 
direct observations of sporadic events caused strong argument due to a doubt about validity of 
measured high intensity (see review by Paulikas [36]). As a result of this, despite importance 
of low-latitude measurements of electron enhancements recognized earlier [9] further 
investigation of this phenomenon was not carried out.  
Until now, sporadic enhancement of energetic electrons below the inner radiation belt 
(IRB) is a poor-studied phenomenon [24, 37]. Comprehensive studies based on large statistics 
collected for more than ten years [38-42] have showed that fluxes of quasi-trapped electrons 
within the wide energy range 10-300 keV can increase dramatically by a few orders of 
magnitude relative to the quiet level at very low L shells (L < 1.1), so-called forbidden zone. 
The most extreme intensity of forbidden zone fluxes of the same order as auroral 
precipitations, ~10
6 
- 10
7
 (cm
2
 s sr)
-1
, was observed during major magnetic storms driven by a 
coronal mass ejection. Nevertheless, major storms themselves are not a necessary condition 
for electron enhancements in the forbidden zone. Another important solar wind driver 
resulting in significant flux enhancements is the extremely strong solar wind dynamic 
pressure, as it occurred on 21 January 2005 [42, 43].  
In the present work, we focus on analysis of great enhancements of the forbidden electrons 
in the high-energy range 100-300 keV observed by a fleet of NOAA/POES low-orbiting 
satellites during the declining phase of the 23
rd
 solar cycle over the time period from 2003 to 
2005. Note, that the enhancements within the SAA region are excluded from our 
consideration. We demonstrate temporal and spatial characteristics of forbidden electron 
enhancements during different types of magnetic storms.  
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2. Experimental Data  
We used data on >100 and >300 keV electron fluxes measured on board the polar orbiting 
NOAA/POES satellites [44]. The POES satellites have Sun-synchronous orbits at altitudes of 
~ 800 - 850 km.  
It is well known that the electron measurements can be distorted by proton contamination 
and nonideal detector efficiency. According to a comprehensive study [45], the 100 keV 
electron fluxes practically do not change, while the 300 keV electron fluxes should be 
decreased by about twenty percent. Because this factor is not crucial for the current study, we 
present uncorrected fluxes.  
 
3. Enhancements of High-Energy Electrons 
Figure 1 presents geographical distributions of high-energy electrons in two energy ranges 
>100 keV (on the left) and >300 keV (on the right) during three major geomagnetic storms on 
29-31 October 2003, 7-10 November and 15-16 May 2005. Each global map was compiled 
from measurements of two orthogonally oriented detectors (0°-detector and 90°-detector) of 
three POES satellites (NOAA-15, NOAA-16, NOAA-17). In each spatial bin, the maximal 
value of electron flux instead of the averaged one is shown.  
In Figure 1, one can easily distinguish typical regions of the stably trapped radiation: the 
outer radiation belt and auroral precipitation zone at high latitudes (>60°), the SAA area at 
low latitudes with a core in vicinity of -60° longitude. In addition at low latitudes outside 
SAA, it is also clearly seen intense electron fluxes, which were occasionally observed at some 
longitudes. Note that this region is situated below IRB at L-shells less than ~1.1. In the 
literature, this region is called a forbidden zone, which is characterized by tenuous fluxes of 
~1-10 (cm
2
 s sr)
-1
. Nevertheless, in three cases presented, the largest intensity of the 100 keV 
electrons in the forbidden zone exceeds 10
6
 (cm
2
 s sr)
-1
.  
In [41] it is shown that forbidden energetic electrons are quasi-trapped particles with pitch 
angles range within the drift loss cone (i.e. locally trapped). These electrons cannot close the 
full drift shell around the Earth because they descent dramatically in the SAA area and 
eventually they are lost in the atmosphere. Therefore, it is reasonably to expect that duration 
of an enhanced flux phenomenon should be less than a drift period of electrons. At heights of 
~900 km, 100 keV and 300 keV electrons have the drift period of ~6 and ~2 hours, 
respectively (see [46]). In this connection, it is interesting to note that the great enhancements 
in Figure 1 were observed at longitudes, which are widely separated from each other by ~180°. 
That indicates to a large scale and/or long duration of the phenomenon. As for higher energy 
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range, >300 keV, one can see a few burst-like enhancements of moderate intensity 10
4
 – 106 
(cm
2
 s sr)
-1
.  
Using ten-year data of the POES’s measurements, we found that durations of the 
enhancements varied from an hour to ten hours and also can be observed at any local time. 
We analyze time variations of 100 keV electron fluxes in the forbidden zone by considering 
the following types of geomagnetic disturbances: a major storm, moderate storm and strong 
magnetospheric compression by the solar wind plasma. 
Figure 2 presents time profiles of 100 keV electron fluxes observed by POES satellites 
from 4 to 18 UT during the major storm on 15 May 2005 (see bottom panel in Figure 1). The 
electron flux below IRB (black curves) at some longitudes exceeded the quiet level by ~ 4 – 6 
orders of magnitude. In Figure 2, one can see that sometimes the intensities in the forbidden 
zone approached an extremely large value of 10
7
 (cm
2
 s sr)
-1
, for example, after 7 UT (P5) and 
around 11 UT (P6, P7). The maximal intensity is the same as in the IRB (the SAA area), for 
example, see P5 around ~11 UT and P7 around ~14 UT, and even higher than in the outer 
radiation belt or auroral zone (gray curves in Figure 2).   
The duration of 100 keV electron enhancements is one of most prolonged (about ten hours) 
beginning at ~7 UT and ending at ~16 UT. In Figure 2, geomagnetic activity is presented by a 
storm ring current (Dst-variation) and auroral electrojet index (AE), which both change in 
different manner. The Dst value varies smoothly, while the AE-index shows successive 
intensifications corresponding to substorm activations. Initially, the electron enhancements 
appeared during the maximum of geomagnetic activity revealed in both strong negative Dst-
variation (~-300 nT) and very high AE index (~1800 nT). The geomagnetic activity, both in 
Dst and AE indices, was decreasing after 10 UT. But the electron enhancements were 
observed continuously during the next several hours on the storm recovery phase. 
 Another important characteristic, which we want to point out, is that the enhancements 
can be observed at any local time (LT), including both nighttime and sunlit side of the near-
Earth orbit. Notably, the P5 satellite observed events in the early morning (6 LT) and evening 
(18 LT), respectively, at ~7 UT, 14 UT, 16 UT and 8 UT, 10 UT; the P6 satellite – at night (3 
LT) at ~11 UT and ~1230 UT; the P7 satellite – at daytime (10 LT) and night (22 LT), 
respectively, at ~7 UT, 0830 UT and 0930 UT, 11 UT. 
As for higher energy electrons of >300 keV, the flux increased at nighttime (2 LT and 22 
LT) around 11 UT and at daytime (10 LT) around 7 UT as well (not shown). The duration of 
300 keV electron enhancements was shorter than of 100 keV electrons (about of 4 hours). 
In Figure 3, we present a moderate storm event on 7-8 January 2005. We distinguish two 
separated time intervals, during which the 100 keV enhancements were observed: from 16 to 
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18 UT on 7 January and from 0 UT to 5 UT on 8 January (24 UT and 29 UT, respectively, in 
Figure 3). Flux intensities during the first interval were more than one order smaller than 
during the second one. The first enhancements (see P5 and P7) were observed at local 
morning and prenoon (6 LT and 10 LT). Enhancements during the second interval (see P5 and 
P6) were observed again at local morning and afternoon (6 LT and 15 LT). Recurring 
enhancements at local morning can be considered as abundant evidence that both events 
occurred independently, because, as mentioned above, the drift period of electrons is 
relatively short. Note that in this event, >300 keV electrons increased only once at dusk (18 
LT) closely to a vicinity of SAA (not shown).  Note that a substorm (AE increase) occurred 
before each electron enhancement event.  
Figure 4 shows 100 keV electron enhancements during the prolonged compression of the 
magnetosphere by extremely high solar wind dynamic pressure of more than 150 nPa [43]. 
Note that the magnetic storm was of moderate strength. Due to the compression, the Earth’s 
magnetopause shrunk to about ~3-4 Re in the subsolar region, radiation belt and ring current 
moved closely to the Earth. The enhancements were observed at ~19 UT by P5, at 2030 UT 
by P7 and at 22 UT by P6, with all three occurring during daytime (6 LT, 10 LT and 15 LT). 
Thus, this case is a good example of single event with a short duration of about 3 hours, when 
the intense fluxes of 100 keV electrons disappeared within approximately three hours due to 
their relatively fast azimuthal drift. In this event, >300 keV electrons were not observed at all. 
Note also, that there was only one (isolated) substorm (AE-index), which is seems relating to 
this short event. 
 
4. Discussion 
We have demonstrated several examples of unusual latitudinal distributions of high-
energy electrons during geomagnetic disturbances such as strong magnetic storms and 
magnetospheric compression. Figure 1 demonstrates that electron fluxes at equator-to-low 
latitudes extremely increase and sometimes extended almost globally. This picture doesn’t 
conform to a general view that is a significant population of permanently trapped electrons 
can not present within the low-latitudinal region not only during quiet time but also during 
storms. How often do high-energy electrons enhance in the forbidden zone and why?  
Figure 5 shows global maps of >100 keV and >300-kev electrons compiled from 
measurements of the detector pointed to zenith for three years 2003, 2004, and 2005 during 
the declining phase of the 23
rd
 solar cycle. It is clearly seen from comparison of Figure 5 with 
Figure 1 that contributions of the presented cases to the corresponding one-year distributions 
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are the biggest, probably because these major storms were either of super-storm series 
(October 2003 and November 2004) or isolated but the strongest one (May 2005). Also, note 
that enhancements in both energy range are moderate ~10
4
 – 105 (cm2 s sr)-1 during the rest of 
geomagnetic disturbances.  
It is hard to predict the forbidden electron enhancements, because a mechanism of the 
process is not established yet. First of all, one should determine the source of forbidden 
electrons. As discussed in paper [47], one of most likely candidates is the radiation belt. But 
the process of particle penetration from the radiation belt to the forbidden zone is still unclear. 
It might be a fast radial drift in strong electric fields of ~20 mV/m occurred at L-shells below 
2. However, there is a lack of experimental measurements in this region. Hence, this concern 
needs further experimental data and modeling.  
Meanwhile, one can expect that if energetic electrons occasionally enhanced in the 
forbidden zone then duration of the event could be comparable with or even less than the 
period of azimuthal drift of an energetic electron around the Earth. For example, 100 keV 
electrons, having the drift period of ~6 hours at a height of ~900 km, can pass from Japan to 
SAA (~120° in longitudes) for two or three hours (see [46]). While 300 keV electrons drift 
eastward approximately 3-4 times faster and spend ~30 minutes for running ~120° separation 
in longitudes. Hence, a sporadic enhancement, resulted from a single short-time electron 
injection, can be observed by several satellites at different locations but within a relatively 
short period of time. An example of such behavior is the case on 21-22 January 2005 shown 
in Figure 4 (see also [42]). After the substorm expansion, the forbidden electrons were 
observed by different POES satellites in the longitudinal range from 160°E to 110°W (~90° 
longitude interval) during three hours.  
However, from observations of 100 keV electrons, we found many long-lasting 
enhancements (see Figures 2 and 3). Two events in the case of 7-8 January 2005 are separated 
by 8-hours interval. Taking into account the drift period of ~6 hours, we can conclude that 
those enhancements occurred independently and they are probably driven by two successive 
substorms revealed in the increases of AE. Similar causal relation between the substorms and 
enhancements can be found in the case of 15 May 2005. Both cases support our suggestion 
that strong substorm serves as indicator of a process resulting in forbidden electron 
enhancements. 
We can also suggest that the long-lasting high-energy electron enhancements relate to the 
long-lasting high auroral activity. We conclude that in these cases a prolonged or multiple 
triggering resulted in long-lasting high-energy electron enhancements.  
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Thus, the forbidden electron enhancements relate closely to a geomagnetic activity and, 
hence, are driven by the variations in solar wind dynamic pressure and interplanetary 
magnetic field [41, 42, 47]. 
Finally, it is important to point out that forbidden electron enhancements in a higher 
energy range (>300 keV) look mostly like burst events (see Figure 1, right panels). Moreover, 
they can be observed at any local time, both nighttime and sunlit side of the near-Earth orbit. 
Such feature makes it difficult to recognize the astrophysical X-ray source (solar, cosmic or 
galactic) from the high-energy electron-induced events. The forbidden high-energy electrons 
will increase detector noise, which may mask the original source signal. 
 
5. Summary 
In the paper we consider a very important problem of the electron contamination to high-
energy astrophysical and solar hard radiation measurements. The study is based on long-term 
statistics of the high-energy electron observations by low-orbiting satellites. We have 
demonstrated that 100-300 keV electron fluxes significantly exceeded a quite level during 
major geomagnetic storms and strong compressions of the magnetosphere as well. Enhanced 
fluxes of the forbidden high-energy electrons can significantly contaminate to X-ray 
measurements at low-latitude and low-altitude orbit. 
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Figure 1. High-energy electron enhancements during major geomagnetic storms: (from top to 
bottom) 29-31 October 2003, 7-10 November 2004, 15-16 May 2005. Geographical maps of 
global distribution of the electrons in energy ranges  >100 keV (left) and  >300 keV (right). 
The maps are composed of data provided by NOAA/POES satellites orbiting at altitude of 
~850 km (see details in the text). The white curve indicates the geomagnetic equator. Intensity 
of high-energy electron fluxes enhances extremely and globally at equator-to-low latitudes 
(below the inner radiation belt and outside SAA) and even exceeds that one at high latitudes 
(outer radiation belt and auroral precipitation zone). 
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Figure 2. Time profiles of >100 keV electron fluxes observed on 15 May 2005 (from top to 
bottom) by NOAA-15 (P5), NOAA-16 (P6) and NOAA-17 (P7). The satellite local times are 
indicated on the right. Dashed curves indicate geographic longitudes along the satellite orbit. 
Black curves correspond to orbital passes at low-latitudes (± 25°) and at all longitudes except 
the SAA area (approximately between -100° and -20°). Several electron enhancements at low 
latitudes are seen from 7 UT to 16 UT. The second panel shows geomagnetic activity: the 
Dst-variation (SYM-H index, black curve) and the auroral electrojet (AE index, red curve). 
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Figure 3. The same as Figure 2 but for the moderate storm on 7-8 January 2005. 
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Figure 4. The same as Figure 2 but for extremely strong compression of the magnetosphere 
during a moderate storm on 21-22 January 2005. 
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Figure 5. The same as Figure 1 but for one-year statistics in: (from top to bottom) 2003, 2004 
and 2005 years.  Measurements from only the detector pointed to zenith are used (see text for 
detail). 
 
